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T cells need to cross endothelial bar-
riers during immune surveillance 

and inflammation. This involves T-cell 
adhesion to the endothelium followed by 
polarization and crawling with a lamel-
lipodium at the front and contractile 
uropod at the back. T cells subsequently 
extend lamellipodia and filopodia under 
the endothelium in order to transmi-
grate. Rho GTPases play key roles in 
cell migration by regulating cytoskel-
etal dynamics and cell adhesion. We 
have found that the Rho GTPase RhoA 
is required for efficient T-cell polariza-
tion and migration on endothelial cells 
as well as transendothelial migration. 
RhoA-depleted cells lack both lamel-
lipodia and uropods, and instead have 
narrow protrusions extending from a 
rounded cell body. Using a RhoA activity 
biosensor, we have shown that RhoA is 
active at the leading edge in lamellipodia 
and filopodia of crawling and transmi-
grating T cells, as well as in the uropod. 
In lamellipodia, its activity correlates 
with both protrusion and retraction. We 
predict that RhoA signals via the formin 
mDIA1 during lamellipodial protrusion 
whereas it induces lamellipodial retrac-
tion via the kinase ROCK and acto-
myosin contractility. We propose that 
different guanine-nucleotide exchange 
factors (GEFs) are responsible for coor-
dinating RhoA activation and signaling 
in different regions of transmigrating T 
cells.

Introduction

During inflammation leukocytes are 
recruited from the vasculature into tissues 
using a specialized migratory pathway.1 
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Following adhesion to the endothelial 
cells (EC) that line blood vessel walls, 
leukocytes polarize and then migrate over 
the EC surface (crawling) to sites where 
they undergo transendothelial migra-
tion (TEM). Leukocytes can either cross 
the endothelium between EC (paracel-
lular route) or through EC (transcellular 
route).2

Rho GTPase family proteins are 
key regulators of cytoskeletal dynamics 
and cell migration,3 and thus would be 
expected to contribute to the process of 
TEM. Most Rho GTPases cycle between 
an inactive, GDP-bound form and an 
active, GTP-bound form, which interacts 
with and activates downstream targets. 
Rho GTPases are stimulated by guanine 
nucleotide exchange factors (GEFs), 
which stimulate exchange of GDP 
for GTP and inactivated by GTPase-
activating proteins (GAPs), which stimu-
late GTP hydrolysis.

In our recent paper we used an RNAi 
screen to identify which Rho GTPases are 
important for T cell TEM.4 We found 
that knockdown of RhoA induced the 
strongest inhibition of this process and so 
subsequently examined the role of RhoA 
in detail during both T cell crawling on 
EC and subsequent TEM. Significantly, 
active RhoA was observed at both the 
front and back of polarized T cells as they 
crawled on EC and transmigrated, as well 
as in dynamic puncta in the basal mem-
brane and filopodia extending beneath 
the endothelium of transmigrating cells 
(Fig. 1). Here we discuss the implications 
of these findings in the context of current 
understanding of RhoA signaling and the 
potential function of these cellular pro-
cesses in T-cell migration.

Extra View to: Heasman SJ, Carlin LM, Cox S, 
Ng T, Ridley AJ. Coordinated RhoA signaling at 
the leading edge and uropod is required for T 
cell transendothelial migration. J Cell Biol 2010; 
190:553–63; PMID: 20733052; DOI: 10.1083/
jcb.201002067.
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in a strikingly different phenotype: the 
cells attached to EC but were unpolarized 
and had a rounded cell body with 2 or 
more narrow protrusions. The membrane 
dynamics of these protrusions were very 
different to that of control cells.4 The nar-
row protrusions extended very slowly, and 
membrane ruffles sometimes extended 
laterally from the sides of the protru-
sions, whereas in control cells membrane 
ruffling was associated with the broad 
lamellipodium at the leading edge. This 
suggests that RhoA is important for both 
the formation of a single broad lamellipo-
dium at the front of T cells and for the 
normal actin filament dynamics within 
the lamellipodium.

Intriguingly we observed two distinct 
T-cell phenotypes that correlated with the 
level of RhoA knockdown. High levels of 
RhoA knockdown led to an unpolarized 
morphology with multiple protrusions, 
whereas T cells with intermediate levels of 
RhoA knockdown were still polarized but 
had defects in retracting the uropod and 
often had long tails. Using a RhoA bio-
sensor to examine where RhoA is active, 
we demonstrated that RhoA is activated at 
both the leading edge and uropod during 
migration.4 Partial knockdown of RhoA 
might predominantly affect RhoA signal-
ing in the uropod if more RhoA activity 
is required for uropod retraction than for 
protrusion at the leading edge. Indeed, 
high levels of RhoA activity are reported 
to be required for tail retraction in leu-
kocytes.6 Thus partial reduction of total 
RhoA levels in T cells could inhibit sig-
naling at the uropod, but enough active 
RhoA would remain at the leading edge to 
permit lamellipodium extension.

The tail retraction phenotype of partial 
RhoA knockdown is similar to treatment 
of T cells or other leukocytes with small-
molecule inhibitors of Rho-associated 
coiled-coil forming protein serine/threo-
nine kinases (ROCKs),7 which are acti-
vated downstream of RhoA.4,8,9 ROCKs 
are known to increase the phosphoryla-
tion of myosin light chain (p-MLC), lead-
ing to increased acto-myosin contractility. 
This implies that ROCKs act predomi-
nantly at the back of migrating leukocytes 
to induce acto-myosin contraction in the 
uropod. However, we observed that some 
ROCK inhibitor-treated T cells did not 

front and a uropod at the back4,5 (Fig. 
1). Lamellipodial extension is driven by 
actin polymerization, whereas uropod 
retraction depends on actomyosin-based 
contractility.

Using small-interfering RNA (siRNA) 
to knock down RhoA in T cells resulted 

RhoA is Required  
for Lamellipodium and Uropod  

Formation in T Cells

When T cells attach to EC, they nor-
mally assume a polarized morphology 
with a lamellipodium extending at the 

Figure 1. Localization of active RhoA in crawling and transmigrating T cells. Schematics show 
a T cell crawling on the apical surface of EC (viewed from above) (A) or transmigrating between 
adjacent EC (viewed from the side) (B). RhoA is active in the uropod (red) in both the crawling (A) 
and transmigrating T cell (B). In the crawling T cell (A), RhoA is also active in lamellipodia (green) 
where it is associated with both extension and retraction events (dotted arrows), and in dynamic 
puncta on the basal membrane (dark blue dots). During transmigration (B), RhoA is active at the 
leading edge of the T cell in filopodia (pale blue regions), lamellipodia (green) and in dynamic 
puncta (dark blue dots).
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of lamellipodia.6,8 This resembles the 
phenotype we observe with partial RhoA 
depletion, suggesting that in these studies 
C3 transferase did not completely inhibit 
RhoA function. However treatment of the 
T cell line HPB-ALL with C3 transferase 
resulted in the generation of aberrant pro-
trusions11 somewhat similar to the pheno-
type we observed with RhoA siRNA, and 

not detectably expressed in T cells, and 
RhoB depletion did not significantly alter 
T-cell TEM.4 Previous studies using the 
Clostridium botulinum exoenzyme C3 
transferase, which ADP-ribosylates and 
thereby inhibits RhoA, RhoB and RhoC, 
have described a failure of tail retraction 
at the back of migrating neutrophils, 
eosinophils and monocytes but not a loss 

have broad lamellipodia either, but rather 
narrow protrusions. We therefore propose 
that ROCKs also act at the front of cells 
to regulate lamellipodial dynamics (Fig. 
2) but that this function probably requires 
less ROCK activity than tail retraction.

RhoA is closely related to RhoB and 
RhoC,10 but it is unlikely that either of 
these contribute to TEM: RhoC was 

Figure 2. Potential roles of RhoA at the leading edge and uropod during T cell migration. Schematic showing a T cell migrating on the apical surface 
of EC. In migrating T cells, the microtubule organizing center (MTOC) is behind the nucleus. Boxed areas (blue) highlight RhoA signaling in the lamel-
lipodium (green) and the uropod (red) of the T cell. In the uropod, RhoA is activated by the RhoGEF GEF-H1 and signals through ROCK and p-MLC to 
induce acto-myosin contraction. In the lamellipodium, we propose that activation of RhoA by as yet unknown RhoGEFs signals via the formin mDIA1 
to induce actin polymerization leading to membrane extension, and via ROCK and phosphorylation of myosin light chain (p-MLC) to induce mem-
brane retraction.
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concert to promote actin polymerization.32 
For example, nucleation of actin filaments 
can be initiated by the actin related protein 
2/3 (Arp2/3) complex or Spire, and elon-
gation subsequently promoted by formins 
such as mDIA1.33,34 Interestingly Wiskott-
Aldrich syndrome protein (WASP)35 and 
mDIA1 co-operate at the leading edge 
during neutrophil migration.36 The bal-
ance of activity between N-WASP, WASP 
family Verprolin homologous (WAVE) 
proteins and formins has also been shown 
to regulate the type of actin filament struc-
tures that are formed at the leading edge 
of carcinoma cells,37 suggesting a complex 
interplay between these different actin 
regulators. It is thus possible that RhoA 
and Rac2 activate different actin regula-
tors at the front of T cells that act together 
to induce lamellipodial protrusion.

A Possible Role for RhoA  
in Integrin Clusters

RhoA activity was observed in dynamic 
puncta in the basal membrane under the 
front lamella of crawling cells (Fig. 1).4 We 
observed similar puncta in transmigrating 
cells, although it was not possible to deter-
mine if they were at the apical T cell/basal 
endothelial interface or the basal T cell/
extracellular matrix interface.

Assembly and disassembly of inte-
grin-based adhesions are important in 
cell migration and RhoA plays a key role 
in this process in many cell types.14 It is 
possible that the punctate areas of RhoA 
activity are localized to regions of integ-
rin clustering, where the T-cell integrin 
lymphocyte function-associated antigen 
1 (LFA-1)38 binds its ligand inter-cellular 
adhesion molecule 1 (ICAM-1)39 on the 
endothelium. Similar clusters of active 
LFA-1 have been observed in the lamelli-
podia of T cells migrating on a rigid sub-
strate coated with ICAM-1.40,41 It has been 
hypothesized that RhoA and ROCK are 
involved in switching LFA-1 from a high 
to low affinity for ICAM-1, thereby disen-
gaging LFA-1 from ICAM-1 and allowing 
migration forwards.41 Inhibition of Rho 
or ROCK promoted integrin clustering 
in T cells42 supporting a role for RhoA in 
disassembly of integrin clusters. We also 
observed that RhoA altered the distribu-
tion of LFA-1: in control T cells it was 

On the other hand, we propose that 
RhoA activity acts through ROCK to 
regulate acto-myosin-mediated retraction 
events at the leading edge (Fig. 2), since 
the ROCK target phosphorylated myo-
sin light chain (p-MLC) was enriched 
at the leading edge in a proportion of T 
cells. RhoA/ROCK signaling has been 
previously reported at the leading edge 
of migrating cells. For example, RhoA/
ROCK signaling suppresses Rac signal-
ing at the leading edge of EGF-stimulated 
carcinoma cells, and inhibition of ROCK 
increased protrusion but reduced migra-
tion.18 Additionally, ROCK/p-MLC is 
implicated in protrusive force generation 
at the leading edge of sarcoma cells.24 
ROCKs may drive retraction events to 
allow cells to reorient their direction of 
migration.

Fluorescence resonance energy trans-
fer (FRET) has been used to show that 
the Rho GTPase Cdc4225 activates its 
two effectors, neural Wiskott-Aldrich 
syndrome protein (N-WASP),26 and 
p21-activated kinase (PAK),27 in different 
locations in carcinoma cells.28 A similar 
approach could be used to examine the 
spatio-temporal binding of RhoA to its 
effectors mDIA1 and ROCK at the lead-
ing edge of migrating T cells, in order to 
determine their contributions to extension 
and retraction.

Coordinating Signaling  
at the Leading Edge

Our RNAi screen showed that the Rho 
GTPase Rac2,29 as well as RhoA, con-
tributes to T cell TEM.4 It would there-
fore be very interesting to examine the 
relationship between RhoA and Rac2 at 
the leading edge of migrating T cells. In 
fibroblasts, RhoA activity is temporar-
ily segregated from Rac and Cdc42 dur-
ing membrane protrusion,19 but little is 
known of the molecular interplay between 
RhoA and Rac and Cdc42 signaling at 
the leading edge of cells. Rac and Rho are 
well documented to be antagonistic, each 
inhibiting the activity of the other.30,31 
Furthermore it has been suggested that 
mDIA1 may suppress Rac1 activity in T 
cells but promote ROCK activation.21

From recent work, it is becoming clear 
that different actin nucleators can work in 

thus the effect of C3 transferase on RhoA 
could have been stronger in this cell type.

RhoA Signaling at the Rear  
of Migrating T Cells

The best documented role for Rho/ROCK 
signaling during leukocyte migration is to 
increase p-MLC and thereby stimulate 
acto-myosin contraction in the uropod of 
migrating cells12 (Fig. 2). Using a RhoA 
activity biosensor, we found that RhoA is 
dynamically activated at the rear of cells 
in association with uropod retraction dur-
ing T-cell crawling and TEM.4 Similarly, 
RhoA is active in the uropod of neutro-
phils migrating on glass.13

RhoA Signaling at the Leading 
Edge of Migrating T Cells

Initial studies using C3 transferase and 
dominant negative Rac1 led to a model 
for cell migration in which Rac1 acted at 
the front to stimulate actin-driven mem-
brane protrusion, whereas RhoA acted at 
the back to induce actomyosin-driven tail 
retraction.14 However, studies examining 
where Rho GTPases are active in migrat-
ing cells demonstrated RhoA activity at 
the front as well as at the back of a vari-
ety of cell types migrating on rigid sur-
faces.15-18 Our work shows for the first time 
that RhoA is active at the front of T cells 
under physiological conditions, migrating 
on and through the pliable EC surface.

RhoA activity is associated with protru-
sion at the leading edge of fibroblasts and 
HeLa cells16,19 and also with membrane 
ruffle formation.15,16 However, at the lead-
ing edge of T cells we found that pulses of 
RhoA activity were associated with both 
extension and retraction events4 suggest-
ing that RhoA is likely to act through at 
least two different effectors to produce 
these different outcomes.

The RhoA target, mammalian diapha-
nous 1 (mDIA1),20 localizes to the front 
of migrating T cells4,21 and is required for 
actin polymerization and migration.21,22 
mDIA1 is a member of the formin fam-
ily, which can nucleate and extend actin 
filaments in vitro.23 We hypothesize that 
RhoA signaling to mDIA1 promotes actin 
polymerization to drive membrane exten-
sion in lamellipodia (Fig. 2).
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migration from rear retraction to both 
protrusion and retraction at the leading 
edge. Future studies should determine 
how RhoA is activated in different parts 
of T cells and which of its downstream 
partners contribute to lamellipodial and 
filopodial dynamics. It is clear that RhoA 
plays a major role in T cell polarity dur-
ing migration and TEM, but other Rho 
GTPases are also involved in these pro-
cesses. It will therefore be important to 
investigate how RhoA acts in concert with 
these Rho GTPases to coordinate T cell 
TEM.
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